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Edited by Stuart FergusonAbstract Characterization of the protease, HtrA, from patho-
gen Chlamydia trachomatis is presented. The puriﬁed recombi-
nant protein was a serine endoprotease, speciﬁc for unfolded
proteins, and temperature activated above 34 C. Chaperone
activity was observed, although this appeared target-dependent.
Inactive protease (S247A) was able to chaperone insulin B-chain,
irrespective of temperature, but at 30 C only HtrA and not
S247A displayed signiﬁcant chaperone activity for a-lactalbu-
min. These data demonstrate that chaperone activity may involve
functional protease domain and that C. trachomatis HtrA func-
tions as both a chaperone and protease at 37 C. These proper-
ties are consistent with the developmental cycle of this obligate
intracellular bacterium.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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HtrA (DegP) was identiﬁed in Escherichia coli (E.) coli as a
locus required for survival of E. coli at high temperatures and
responsible for prevention of accumulation of mis-folded pro-
teins in the cell envelope [1,2]. HtrA and homologs have since
been identiﬁed in a range of bacteria and eukaryotes. Bacterial
HtrA maintains protein quality in the periplasm via both pro-
tease and chaperone activities controlled by a temperature
dependent switch [3–5]. The gene is essential for survival at
temperatures above 42 C for E. coli [6], important for survival
during stress conditions for many bacteria [7], oxidative stress
resistance [8], virulence [9,10], and protein assembly [11]. Hu-
man HtrA homologs function during stress response, cell
growth, and apoptosis [12–15]. Biochemical characterization
of human and E. coli HtrAs has shown that HtrA is an endo-
proteolytic serine protease speciﬁc for unfolded, or partially
unfolded, protein substrates [6,16,17].Abbreviations: RP, reverse phase; HPLC, high performance liquid
chromatography; MALDI, matrix-assisted laser desorption ionization;
TOF, time of ﬂight; MS, mass spectrometry; DTT, dithiothreitol;
PMSF, phenylmethanesulfonyl ﬂuoride; CtHtrA, C. trachomatis
HtrA; EcHtrA, Escherichia coli HtrA; CD, Circular dichroism (CD)
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doi:10.1016/j.febslet.2007.06.039Chlamydia (C.) trachomatis is a Gram-negative obligate
intracellular bacterial pathogen. The chlamydiae are well
adapted to their unique intracellular niche, relying on the host
cell for central metabolic intermediates [18] and, accordingly,
have evolved a restricted genome (1 Mb). The conservation
of htrA in the relatively compact and highly specialized gen-
omes of all Chlamydia suggests that the gene has an important
function. The obligate intracellular developmental cycle of
Chlamydia prevents the use of traditional genetic manipula-
tion techniques [18]; hence, alternative approaches are needed
to characterize gene function. Consequently, to gain insight
into the role of HtrA in Chlamydia, the properties of the
protein in vitro were investigated. This report describes the
biochemical characterization of puriﬁed, recombinant C. tra-
chomatis (serovar L2) HtrA (CtHtrA). This represents the ﬁrst
functional analysis of HtrA from an intracellular pathogen,
and importantly, demonstrated that protease and chaperone
function can occur at the same temperature, and that
chaperone targeting is likely to be independent of the temper-
ature ‘switch’ mechanism previously described for E. coli
HtrA [4].2. Materials and methods
2.1. Cloning and heterologous expression of CtHtrA
The mature cthtrA sequence was cloned in-frame with the pET22b
(Novagen) encoded pelB secretion signal sequence. The cthtrA se-
quence was ampliﬁed by PCR using the primers htraF4 5 0–3 0:
GGCCATGGATCTAGGCTATAGTAGTGCGTCAAAG, htraR4
5 0–3 0: ATCTCGAGCTCGTCTGATTTCAAGACG and cloned with
restriction enzyme sites (underlined: Nde1 and Xho1). Protein expres-
sion was conducted using E. coli BL21DE3 cells, grown aerobically
at 30 C with 0.1 mM IPTG added at OD 600(nm) of 0.55. Protein puri-
ﬁcation from total soluble extract was conducted using aﬃnity chro-
matography (TALON superﬂow resin, Clontech). Fractions
containing pure HtrA protein were pooled and dialysed into 50 mM
Tris–Cl (pH 7.0). Site directed mutagenesis was used to alter the active
site serine (tca) to alanine (gca), generating CtHtrA(S247A), using
primers sdmF1 5 0–3 0: CCATTAATCCTGGGAATGCAGGCGGTC-
CATTGTTAAAC, sdmR1 5 0–3 0: GTTTAACAATGGACCGCC-
TGCATTCCCAGGATTAATGG.2.2. Protease assays and protein analysis
Densitometric determination (Odyssey, Li-Cor Biosciences, Nebras-
ka, USA) of substrate band intensity (15% PAGE) at each time point
represented as a percentage of substrate band intensity at time 0. As-
says controls were substrate and HtrA only samples. Assays had:
10 lg substrate, 1 lg HtrA, 50 mM Tris, pH 7.0, 20 mM MgCl2, tem-
peratures as indicated [3].blished by Elsevier B.V. All rights reserved.
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24 C, 37 C, 55 C. Spectra were recorded in the far UV region
(280–180 nm) in a 1 mm pathlength cell with 0.1 mg/ml protein
(0.1 M potassium phosphate buﬀer, pH 7.0). Triplicate samples were
scanned ﬁve times each to generate the spectra.
Reverse phase HPLC to separate peptides and proteins, was con-
ducted using a C-18 column (5 lm pore size, 250 mm · 4.5 mm dimen-
sions) with a gradient of 0–100% isopropanol and 0.05% TFA (from
100% H20 and 0.05% TFA).
Protein cross-linking experiments were conducted using the Uvitec
UV crosslinker at 99.98 J for 20 min prior to SDS–PAGE analysis.
2.3. Determination of substrate speciﬁcity
Peptides resulting from incubation of b-casein with HtrA through-
out a time course were mapped to the b-casein sequence to determine
HtrA cleavage sites. Brieﬂy, peptides generated throughout the cleav-
age reaction were separated by reverse phase-high performance liquid
chromatography (RP-HPLC) and masses determined by matrix-as-
sisted laser desorption ionization-time of ﬂight mass spectrometry
(MALDI-TOF MS) (API 2000 ESI-QqQ triple quadrupole). Listed
are peptides identiﬁed from triplicate experiments and which mapped
to only one location in b-casein sequence using the program FindPept
[19].
2.4. Light scattering assays
Light scattering assays to determine chaperone activity were con-
ducted as described by Kim and co-workers [3,20]. The ability of CtH-
trA or S247A to prevent aggregation of proteins, as measured by
reduction in light scattering, was monitored in the Benchmark Plus
microplate spectrophotometer (Bio-Rad).3. Results and discussion
3.1. C. trachomatis HtrA is a temperature activated serine
protease speciﬁc for unfolded substrates
Bioinformatic analysis of the CtHtrA sequence enabled us to
conﬁrm that the features of bacterial HtrA proteases are pre-
dicted to be present, including, a secretion signal sequence to
direct export to the periplasm, two C-terminal PDZ domains,
essential serine protease active site residues, and the other fea-
tures previously described in EcHtrA by Clausen et al. [7].
CtHtrA protease activity was temperature activated, with only
minor degradation of b-casein below 34 C (Fig. 1A), suggest-
ing that a temperature ‘switch’ mechanism, similar to that de-
scribed for E. coli HtrA (EcHtrA) [3,4,6], may be intrinsic to
this protein structure. The appearance of several large prod-
ucts visible by SDS–PAGE analysis (Fig. 1B) suggests CtHtrA
is an endoprotease.
The structure of EcHtrA shows that the protein has a nar-
row channel at the active site, which is consistent with re-
stricted access to unfolded polypeptide chains [3,5], hence
inﬂuence of substrate folding for the proteolytic activity of
CtHtrA was tested with a-lactalbumin [5]. Only when incu-
bated in the presence of 20 mM dithiothreitol (DTT), which
would reduce the structural disulﬁde bonds and unfold the
protein, and above 34 C, was CtHtrA able to proteolyse a-
lactalbumin (Fig. 1C,D).
The predicted active site CtHtrA serine residue was altered
to alanine by site directed mutagenesis. The puriﬁed recombi-
nant mutant showed no proteolytic activity towards either b-
casein or unfolded a-lactalbumin, supporting the annotation
of this protein as a serine protease (Fig. 1).
CtHtrA showed no activity to a range of known protease
substrates at 37 C; including albumin and myoglobin (data
not shown). Testing the b-casein cleavage at 37 C revealedthat activity was: ATP independent, not signiﬁcantly inﬂu-
enced by buﬀer composition, active over a broad range of
pH (6.0–10), had a broad optimum at pH 6.5, and 20 mM salts
(magnesium sulfate, magnesium chloride, or sodium chloride)
improved activity. Serine protease inhibitor molecules (aproti-
nin and trypsin inhibitor) did not inhibit CtHtrA, similar to
ﬁndings for human HtrA2 and EcHtrA [3,5]. Interestingly,
CtHtrA activity was inhibited by phenylmethanesulfonyl ﬂuo-
ride (PMSF) (1–5 mM), and EDTA (1–20 mM), in contrast to
EcHtrA [3] and human HtrA2 [17], which indicates the poten-
tial for diﬀerences in access to the active site for CtHtrA.3.2. The temperature dependent change in protease activity
involves changes in secondary structure
The protease activation of HtrA has been attributed to alter-
ations in the protein structure at higher temperatures, via
movement of the PDZ domain [4,5,21]. Circular dichroism
(CD) spectroscopy was used to examine if gross structural
changes in CtHtrA are involved in protease activation. CD
spectra from 24 C to 37 C and 55 C (Fig. 2) were ﬁt to sec-
ondary structure content using the Kohonen neural network
algorithm (k2d) [22]. The structure at 24 C was 60% a-helical,
33% random coil and 7% b-sheet (maximum possible error
22%); at 37 C was 33% a-helical, 45% random coil and 22%
b-sheet (maximum possible error 8.7%); and at 55 C was
30% a-helical, 52% random coil and 17% b-sheet (maximum
possible error 12%). The predicted secondary structures for
activated protease temperatures are more similar than at
24 C (inactive), supporting a possible structural protease
switch for CtHtrA.3.3. C. trachomatis HtrA is a hexamer under native conditions
The EcHtrA crystal structure shows that the protein is a hex-
americ protein formed by two sets of trimer rings [5]. Denatur-
ing gel electrophoresis of UV-crosslinked CtHtrA (1.5 mg/mL)
revealed two multimeric forms greater than 109 kDa. Size
exclusion chromatography of CtHtrA determined a molecular
weight of 307 kDa, consistent with the native protein being a
hexamer (SDS–PAGE estimate of approximately 50 kDa for
monomer) (data not shown).3.4. Identiﬁcation of cleavage sites in the b-casein protein for C.
trachomatis HtrA
Peptides from the cleavage of b-casein at 37 C were used to
determine the sequence speciﬁcity of CtHtrA. The most fre-
quently identiﬁed cleavage sites (Table 1) show a broad range
of sequences at which CtHtrA hydrolyzed the peptide bond.
There was a preference for proline at P1 (33% of mapped pep-
tides), with the most frequently identiﬁed P1/P1 0 sequences P/
P, P/V or P/L. However, given the presence of a further seven
sites in b-casein where P/P, P/L or P/V bonds were not shown
to be cleaved, it seems likely that additional factors determine
the substrate speciﬁcity. The CtHtrA preference for proline at
the P1 is extremely unusual. A number of proteases accommo-
date proline within the hexapeptide surrounding the cleavage
site, but proteases with such a marked apparent preference
for proline at P1 are rare. This speciﬁcity is diﬀerent from that
of EcHtrA, which has been shown to cleave model substrates
at Val/Xaa and Ile/Xaa sites, and also to cleave paired hydro-
phobic residues in the colicin A lysis protein and the pilin sub-
unit protein PapA [23–25].
Fig. 1. Cleavage of protein substrates by Chlamydia trachomatis HtrA. (A) b-Casein cleavage over a time course when incubated with CtHtrA. Key;
Filled circles: 24 C; open circles: 34 C; ﬁlled triangles: 37 C; open triangles: 42 C; ﬁlled squares: 55 C; and ﬁlled diamonds: S247A 37 C. (B)
PAGE of CtHtrA proteolysis of b-casein (top to bottom: 37 C, 42 C, 55 C). The lanes are labeled; M: Standard makers (BioRad); 0 min; 10 min;
20 min; 30 min; 40 min; 60 min; H: HtrA only 60 min; B: b-casein 60 min; L: a-lactalbumin 60 min. The molecular masses of standard proteins are
indicated (arrows). (C) Cleavage of a-lactalbumin by CtHtrA. Key: Filled circles: 37 C; open circles: 42 C; ﬁlled triangles: 55 C; and ﬁlled
diamonds: S247A 37 C. (D) PAGE analysis of a-lactalbumin proteolysis by CtHtrA at 37 C in the presence (+DTT) and absence (DTT) of
20 mM DTT. Lanes labeled as per (B). Error bars represent the S.D. from the mean of triplicate samples.
Fig. 2. Far-UV CD Spectroscopic analysis of CtHtrA showed
temperature related changes in secondary structure. The ﬁgure shows
the mean residue ellipticity (h) (y-axis) in the far-UV region (x-axis) of
puriﬁed CtHtrA protein. Spectra: 24 C (solid line); 42 C (dashed
line); and 55 C (dotted line).
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be important to allow the degradation of most accumulating
and mis-folded proteins in the periplasmic space. Such activity
is likely to be important to prevent the detrimental aﬀects of
protein accumulation within the periplasm and allow the
organism to quickly recycle and reuse the amino acids,
pertinent to the biology of the Chlamydia which aredependent upon the host cell for many nutrients and metabo-
lites [26].
3.5. CtHtrA and CtHtrA (S247A) show distinct activities for
prevention of aggregation of insulin B-chain and a-
lactalbumin
CtHtrA and CtHtrA(S247A) were incubated with insulin or
a-lactalbumin (37 C) in the presence and absence of DTT and
aggregation was monitored spectrophotometrically at 360 nm
[20,27]. The presence of CtHtrA decreased the aggregation of
reduced insulin B-chain (Fig. 3A), but CtHtrA(S247A) was
also eﬀective to a lesser extent. Thus not only protease activity
but the presence of CtHtrA(S247A) can prevent insulin B-
chain aggregation, indicating a likely chaperone function. In
order to determine if the reduced aggregation was due to CtH-
trA cleaving insulin, samples were analysed by RP-HPLC on a
C-18 column. The insulin peaks were markedly decreased and
additional peaks were detected from samples which had been
incubated in the presence of CtHtrA and DTT, suggesting that
CtHtrA and not CtHtrA(S247A) was able to cleave insulin
(data not shown). The ability of CtHtrA and CtHtrA(S247A)
to reduce insulin B-chain aggregation was also tested at 30 C
(protease inactive temperature), where both CtHtrA and CtH-
trA(S247A) were eﬀective, supporting a chaperone function for
CtHtrA (Fig. 3B). There was marked reduction in the apparent
aggregation of a-lactalbumin at 37 C with CtHtrA (Fig. 3C),
although this may be partly a consequence of proteolysis, since
Table 1
Sites of peptide bond hydrolysis of b-casein by Chlamydia trachomatis
HtrA
P4 P3 P2 P1 P10 P2 0 P30 P4 0
Q P F P I I V
Y Q E P V L G P
T Q T P V V V P
Q N I P P L T Q
E N L H L P L P
N L H L P L P L
M G V S K V K E
P G P I H N S L
N K K I E K F Q
K I E K F Q S E
I E K F Q S E E
K H K E M P F P
V P Q K A V P Y
R D M P I Q A F
P Y P Q R D M P
40 60 60 60 % Non-polar
33 % P
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CtHtrA(S247A) reproducibly delayed the light scattering and
ultimately increased the overall maximal light scattering due
to aggregation of a-lactalbumin, suggesting a diﬀerence in
the nucleation, elongation and cross-linking events which formFig. 3. CtHtrA can chaperone, and proteolyse, insulin B-chain and a-lactalb
chain upon reduction of whole insulin is shown. Key; solid line: (50 lg) insu
CtHtrA; double-dot/dashed line: insulin with 5 lg S247A; long-dashed line: in
CtHtrA and S247A reduction of turbidity of insulin B-chain at 30 C. Key; so
line: insulin, 15 lg S247A. (C) CtHtrA but not S247A can reduce turbidity
(50 lg) a-lactalbumin; dashed line: a-lactalbumin, 15 lg CtHtrA; and dottedthe aggregates [27,28]. A similar eﬀect with CtHtrA (S247A)
was observed at 30 C (Fig. 3D). However, CtHtrA reduced
a-lactalbumin aggregation at 30 C, since no cleavage was de-
tected, CtHtrA(S247A) may be altered in chaperone function
as well as protease function when compared to CtHtrA. This
raises the possibility that the CtHtrA protease subunit has a
role in the independent chaperone function, an observation
somewhat similar to a recent ﬁnding for EcHtrA which
demonstrated that the PDZ domains don’t function during
chaperone activity [29]. The reduction of aggregation of insulin
B-chain by CtHtrA(S247A) at 37 C is an exciting ﬁnding and
is evidence of chaperone activity for CtHtrA at elevated tem-
peratures. Until very recently it was widely believed that EcH-
trA chaperone activity occurs only at lower temperatures when
there is no protease activity and that these two functions are
mediated by a temperature switch, however, a recent report
showed that EcHtrA is also able to act as a chaperone at
37 C [30]. The ﬁndings presented here indicate that the
mechanisms which target substrates for protease or chaperone
function by CtHtrA are independent, may involve the protease
domain, and that chaperone function is likely to be mediated
independently of the temperature switch for protease
activation. A temperature independent mechanism for the tar-
geting of substrates to either the chaperone or protease activity
of CtHtrA is consistent with the intracellular environment and
narrow temperature range for development of Chlamydia.umin. (A) The ability of CtHtrA to reduce light scattering of insulin B-
lin only; dot: insulin with 5 lg CtHtrA; dashed line: insulin with 15 lg
sulin with 15 lg S247A; single-dot/dashed line: buﬀer only control. (B)
lid line: (50 lg) insulin; dashed line: insulin, 15 lg CtHtrA; and dotted
of a-lactalbumin upon reduction with DTT at 37 C. Key: solid line:
line: a-lactalbumin, 15 lg S247A. (D) Identical to D at 30 C.
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